The effects of temperature-dependent viscosity and thermal conductivity on free convection magnetohydrodynamic flow of an optically thin gray, viscous, and incompressible micropolar fluid and heat transfer past a stretching plate through porous medium in the presence of radiation, heat generation, and Joule dissipation were studied. The fluid viscosity and thermal conductivity were assumed to vary as inverse linear functions of temperature. Using similarity transformation, the governing partial differential equations of motion were reduced to ordinary ones, which were solved numerically for prescribed boundary conditions using the shooting method. Numerical results for the velocity, angular velocity, and temperature profiles are shown graphically and the skin friction and Nusselt number are presented in tabular form for various values of the parameters, giving the flow and heat transfer characteristics. We found that viscosity enhanced microrotation, while an increase in thermal conductivity reduced the temperature.
Introduction
Micropolar fluids containing microconstituents that can undergo rotation can be defined as viscous nonNewtonian fluids with nonsymmetrical stress tensor. In micropolar fluid theory the presence of a microstructure and the intrinsic motion of the fluid elements affect the hydrodynamics of the flow.
The study of micropolar fluid flow and heat transfer is important as it has many engineering applications such as polymer processing, micro fluidics, oil exploration, geothermal extractions, and coating. Accordingly, the effects of radiation on magnetohydrodynamics (MHD) are of considerable interest because of their increasing practical application in fields such as space technology and high temperature plasmas.
Keeping in view the wide area of practical importance, the theory of micropolar fluid, developed by Eringen [1] has become a field of active research for the past few decades. Numerical investigation on heat and mass transfer effects of micropolar fluid over a stretching sheet through porous media was done by Mohanty et al. [2] . An analytic solution to the micropolar fluid flow through a semiporous channel with an expanding or contracting wall was determined by Si et al. [3] . Ashraf and Batool [4] investigated the MHD flow and heat transfer of a micropolar fluid over a stretchable disk. Si et al. [5] studied the flow and heat transfer of a micropolar fluid in a porous channel with expanding or contracting walls. Raptis and Perdikis [6] studied the free convective oscillatory flow and heat mass transfer past a porous plate in the presence of radiation for an optically thin fluid. Siddheshwar and Mahabaleshwar [7] examined the analytical solution to the MHD flow of micropolar fluid over a linear stretching sheet. The MHD effects on thin films of unsteady micropolar fluid through a porous medium were investigated by Rahman [8] . Khedr et al. [9] discussed the MHD flow of a micropolar fluid past a stretched permeable surface with heat generation or absorption. The effects of variable viscosity and thermal conductivity on the hydromagnetic boundary layer micropolar fluid flow over a stretching surface embedded in a non-Darcian porous medium with radiation sheet were analyzed by Borgohain and Hazarika [10] . Raptis [11] examined the thermal radiation of an optically thin gray gas. The radiation effects on flow past a stretching plate of an optically thin gray viscous fluid with temperature-dependent viscosity were analyzed by Xenos [12] .
In most previous studies the physical properties of the micropolar fluid were assumed to be constant, including or excluding MHD effects for various geometries. However, as no work has been conducted on the effects of variable viscosity and thermal conductivity on MHD free convection flow of a micropolar fluid with radiation, we investigated the effects of temperature-dependent viscosity and thermal conductivity on free convection MHD flow and heat transfer of a micropolar fluid past a stretching plate through porous medium in the presence of radiation, heat generation, and Joule dissipation. The fluid viscosity and thermal conductivity are assumed to vary as inverse linear functions of temperature. Using similarity transformation, the governing partial differential equations of motion are reduced to ordinary differential equations, which are solved numerically for prescribed boundary conditions using the shooting method.
Mathematical formulation of the problem
We consider the steady two-dimensional flow of a viscous incompressible micropolar fluid past a stretching plate through a porous medium. Let (u,v) be the velocity component along (x,y) direction, where the x-axis is taken along the plate and the y-axis is considered normal to the x-axis, as shown in Figure 1 . The plate is stretched by introducing two equal and opposite forces so that the position of the plate remain the same. A transverse uniform magnetic field B 0 acts on the plate. The fluid properties are assumed to be isotropic and constant, except for the fluid viscosity and thermal conductivity, which are assumed to be inverse linear functions of temperature. The radiation heat flux in the x-direction is considered negligible in comparison with that in the y-direction. Let N be the microrotation component. Under the boundary layer assumptions, the governing equations of motion are given below: The equation of continuity:
The momentum equation:
The angular momentum equation:
The energy equation:
The boundary conditions are:
where ρ is the fluid density, µ is the coefficient of dynamic viscosity, T is the fluid temperature, λ is the thermal conductivity, m * is the coefficient of permeability, j is the microinertia per unit mass, C p is the specific heat at constant pressure, σ is the electrical conductivity, γ and κ are material parameters, q r is the radiative heat flux, g is the acceleration due to gravity, β is the coefficient of thermal expansion, Q 0 is the heat generation coefficient, and c is a constant.
Following Lai and Kulacki [13] , the fluid viscosity is assumed as:
where µ ∞ is the viscosity at infinity, and a and T ∞ are constants and their values depend on the reference state and thermal property of the fluid. T r is transformed reference temperature related to the viscosity parameter, δ is a constant based on the thermal property of the fluid, and a < 0 for gas, a > 0 for liquid.
Similarly, the thermal conductivity is considered as:
where b and T k are constants and their values depend on the reference state and thermal properties of the fluid, i.e. on ξ .
For the case of an optically thin gray fluid, the local radiant is given by Xenos [12] as:
where a * is the absorption coefficient and σ * is the Stefan-Boltzmann constant. It is assumed that the temperature differences within the flow are sufficiently small so that T 4 may be expressed as a linear function of the temperature and can be expanded in Taylor series about T ∞ , which, after neglecting higher order terms, takes the following form:
Using Eqs. (9) and (8), Eq. (4) can be rewritten as:
Let us introduce the following similarity transformations and parameters:
Using the above transformations, the equation of continuity (1) is satisfied identically and Eqs. (2), (3), and (10) are respectively reduced to canonical form as the following:
where
are dimensionless reference temperatures corresponding to viscosity and thermal conductivity, respectively. It is to be noted that these values are negative for liquids and positive for gases when (T w− T ∞ ) is positive (Lai and Kulacki [13] ).
Here the dimensionless parameters are defined as: The boundary conditions (6) are reduced to:
The important physical quantities of interest in this problem are the skin friction coefficient C f and the Nusselt number Nu, which represent the rate of plate shear stress and the rate of heat transfer from the surface, respectively. These are defined as:
where τ w is the shear stress which is given by:
and N u = xqw λ∞ (Tw−T∞) where q w is the heat transfer from the surface given by:
Results and discussion
The systems of differential equations (Eqs. (12)- (14) From Figures 2, 4 , 5, 6, and 7 it is clear that velocity decreases with the increase of the viscosity parameter θ r , the heat generation parameter Q, and the Grashof number Gr, whereas it increases as the values of the radiation parameter S and the coupling constant parameter K increase. Due to the increase in viscous and buoyancy force and the generation of heat during the flow, velocity decreases. For small values of the coupling constant parameter, the viscous force is predominant and as a result viscosity increases, and therefore velocity decreases. Figure 3 shows that there is no significant variation in velocity with the thermal conductivity parameter θ k . Figures 8-12 display the graphs obtained for the microrotation profile with the variations of θ r , θ k , Gr, G, and K. From Figures 8, 10 , and 12 it is observed that microrotation increases with the increase of the viscosity parameter θ r and the Grashof number Gr, i.e. due to the viscous and buoyancy force, microrotation increases, but it decreases with the increasing values of the coupling constant parameter K, where the variations in microrotation are very significant near the plate. From Figure 11 it can be seen that microrotation decreases as the microrotation parameter G increases, while Figure 9 shows that microrotation does not change with the thermal conductivity parameter θ k . The variations in the dimensionless temperature profile for various values of θ r , θ k , S, Q, and M are shown in Figures 13-17 . It is seen from these Figures that temperature increases with the increase of the viscosity parameterθ r , heat generation parameter Q, and Hartmann number M, whereas increasing values of the thermal conductivity parameter θ k and the radiation parameter S reduce the temperature. This is due to the increase in viscous force and Lorentz force and the generation of heat during the flow, resulting in temperature increases; however, when thermal conductivity and radiation increase, temperature decreases. The missing values f Table 3 . Missing values f In order to assess the computed results, the present results have been compared with those obtained by Xenos [12] , which are shown in Table 5 . We found that our results agree very well with those reported by Xenos [12] .
Conclusion
From the above investigations it is clear that the viscosity and thermal conductivity along with the other parameters such as the Hartmann number M, radiation parameter R, heat generation parameter Q, coupling constant parameter K, microrotation parameter G, and Grashof number Gr have significant effects on velocity, microrotation, and the temperature profile. The following conclusions can be drawn from this analysis: 1. Thermal conductivity decreases the temperature, whereas viscosity increases it.
2. Viscosity reduces the velocity of the fluid, but enhances the microrotation of the fluid element.
3. The effect of temperature gets reduced due to radiation.
4. The effect of magnetic field enhances the temperature.
5. The effects of viscosity and thermal conductivity increase the wall shear stress; viscosity decreases the rate of heat transfer, while thermal conductivity increases it.
The results of the present study will be useful for the investigation of more complex MHD flow problems of micropolar fluid in different branches of science.
